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Abstract 
As part of the CO2CARE project, modeling of the post-closure behavior within the CO2 storage complex has 
been partly tackled in the case of the Sleipner CO2 storage. Based on a specific workflow developed in the 
CO2ReMove project, three simulation studies were defined at different places of the storage complex. They aimed at 
describing the long-term fate of the CO2 plume within the complex in order to analyze the storage stabilization and 
to study the geochemical impact on an abandoned distant well. These studies have shown that the CO2 injected in 
the Utsira reservoir tends to evolve within the storage complex towards a situation of long-term stability thanks to 
CO2 dissolution and carbonation. 
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1. Introduction 
International authorities and public research institutions are strongly mobilized in the field of CO2 geological 
storage. They consider this option as a promising means to struggle against climate change. In this context, a legal 
framework has been established by the European Commission for the environmentally safe geological storage of 
CO2 in EU. This directive (EU Directive 2009/31/EC) covers all CO2 storages in geological formations and the 
entire lifetime of storage sites.  
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Following numerous research projects such as CO2ReMove [1] a European project  was initiated in 2011 for a 3-
year duration [2]. The main objectives of CO2CARE were closely linked to the three high-level requirements of the 
EU Directive with regard to post-closure transfer of liability of a storage site to the relevant competent authority: 
(i) absence of any detectable leakage,  
(ii) conformity of actual behavior of the injected CO2 with the modeled behavior,   
(iii) the storage site is evolving towards a situation of long-term stability.  
 
 
Fig. 1: Post-closure modelling issues of CO2 complex storage 
Post-closure modeling within the CO2 storage complex aims at describing the long-term fate of the CO2 plume 
(Fig. 1) through the different trapping mechanisms, and its extension and distribution within the storage complex, in 
order to analyze site stabilization. It also allows for the study of the possible risky zones to ensure that the storage 
site evolves in a secure way. In this purpose, the combined effects of the fluid flow, the fluid rock interactions, and 
the rock geomechanical behavior need to be simulated using an explicitly-coupled model which is not easy to 
achieve or not possible to perform nowadays with available software and knowledge. Another modeling issue is to 
efficiently combine monitoring techniques, methods, and tools, to build the most representative model in order to 
feel confident about the simulation results. Thus, in the European CO2ReMoVe project, two specific innovative 
modeling workflows  have been built and applied at two CO2 storage sites, In Salah and Sleipner, to respectively 
predict the reservoir pressure field and the CO2 plume migration [3]. 
As part of the European CO2CARE project, the post-closure modeling within the CO2 storage complex is partly 
tackled using for illustration the Sleipner CO2 storage case [4][5]. As geomechanical effects due to injection 
pressure are not problematical at Sleipner, only the reactive transport within the reservoir and the cap rock is 
modeled and simulated on the long term. Based on the specific modeling workflow, the post-closure issue is 
investigated with three zooms on the CO2 storage complex.  
One deals with the Utsira reservoir using a 2D vertical reactive transport model. The aim is to focus on the CO2 
mineralization sensitivity to both the modeling and the data in order to assess the uncertainty of the simulation 
results.  
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The second zoom concerns the cap rock. The objective is to quantify the CO2-penetrated thickness and the 
amount of CO2 trapped in the long term and to analyze the stabilization of the CO2.  
In the third zoom, a specific 3D reactive transport model is used to study the geochemical impacts associated 
with the arrival of the CO2 plume on a distant appraisal/abandoned well.  
This work was performed with the research software Coores-Arxim v1.5. CooresTM† is a 3D multiphase code to 
simulate flow and transport. Arxim is a 0D code modeling fluid-rock interactions for estimating the evolution of 
mineral proportion and water composition over time. It is developed by the Mines of Saint-Étienne and IFPEN. 
2. Modeling workflow 
Post-closure CO2 storage modeling aims at describing the long-term fate of injected CO2 within the storage 
complex. For that purpose, the reactive transport model, which explicitly couples the combined effects of fluid flow 
and fluid rock interactions, constitutes the most efficient tool. 
In the Sleipner case, Fig. 2 illustrates the modeling workflow, which has been developed and applied to build a 
3D reactive transport model. Based on a mesh containing 1.5 M  cells with a horizontal space size of 50 m and a 
vertical one of 1 m, the fluid flow model [6] was history matched using 4D seismic data. The purpose of this work 
was to characterize the facies (sand and shale) spatial distribution from the inversion of 4D seismic P-wave 
impedance cubes [7]. This approach helped at better mimicking the observed CO2 migration into the Utsira 
formation by taking into account the thin intra-reservoir shale layers that manage fluid flow. After a series of 
iterations an optimal reservoir model was obtained by minimizing a cost function. This function compares two 
acquisitions (1994 and 2006): the measured variations of the P-wave impedance with the ones resulting from the 
post-treatment with a petro elastic model of the 3D fluid flow modeling results [7]. The history matching loop has 
been applied considering only two repetitive seismics but an improved result can be achieved by integrating all the 
available time lapse seismics in this workflow.   
 
 
Fig. 2: modelling workflow to build the 3D reactive transport model of the Sleipner case 
Then three models have been extracted from this 3D fluid flow model for the following reasons. Within the 
complex storage, the main migration mechanism differs according to the geological medium where CO2 is located. 
In a permeable formation such as the reservoir, advection is dominant. This is a quick transfer for which meter scale 
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and day scale are currently used for reservoir modeling. On the contrary, diffusion becomes preponderant in a 
sealing formation, i.e. the cap rock. In that case, a fine mesh (millimeter scale) is needed to model slow transfers (1 
m in 1,000 years). The combination of two opposite time and distance scales in a model is an issue for reactive 
transport simulators, which have to manage time steps. Moreover, despite the evolution of computers, their 
computation capacity always requires limiting the number of variables in the model (for instance the cells number). 
In this context, one mesh was built to meet one objective so three different meshes were used for the whole study 
(Fig. 3). The 1D vertical model deals with the CO2 migration by diffusion within the cap rock. The 2D model is a 
vertical section at the injection zone to quantify the uncertainty of the reactive transport simulation results. The 3D 
model is limited to an area of 1 kilometer-wide to reduce the number of cells, so the CPU time. It is used to assess 
the geochemical impact at the abandoned appraisal well.  
 
 
Fig. 3: Models to study the CO2 storage complex 
At the last step of the modeling workflow (Fig. 2), these three fluid flow models have been associated with the 
same geochemical model to form three reactive transport models. The mineral composition of sand and shale is 
detailed in [8]. This previous work shows that CO2 is mineralized first as calcite then as dolomite that needs 
calcium, magnesium and carbon dioxide to precipitate. Magnesium is provided by chlorite dissolution and calcium 
by calcite and calcium plagioclase dissolution. The authors remark that shale can potentially store more CO2 as 
mineral phase than sand with this model as the chlorite proportion is five times bigger in shales. 
Table 1: kinetics parameters of two geochemical models (one with a quick kinetics (named QUICK) and the other one with a slow kinetics 
(named SLOW)) 
Mineral pk=-log(k) Ea (kJ/mol) 
Effective reactive surface (cm2/g):  
QUICK 
Effective reactive surface (cm2/g): 
SLOW 
quartz/chalcedony 13.4 90.9 1.13E+04 9.80E+00 
orthose (K-Felspar parameters) 12.41 38 1.18E+04 9.80E+00 
plagiocase Na (albite parameters) 12.56 69.8 1.20E+01 9.80E+00 
plagioclase Ca (anorthite 
parameters) 9.12 17.8 1.09E+01 1.09E+01 
illite (muscovite parameters) 13.55 22 1.08E+07 1.52E+02 
Mg-chlorite/clinochlore-14A 
(chlorite parameters) 12.52 88 1.15E+04 9.80E+00 
Fe (iron)-chlorite/daphnite-14A 
(chlorite parameters) 12.52 88 1.15E+04 9.80E+00 
calcite 5.81 23.5 1.11E+01 1.11E+01 
kaolinite 13.18 22.2 1.14E+07 1.52E+02 
siderite (dolomite-dis parameters) 7.53 52.2 1.04E+04 9.80E+00 
pyrite 4.55 56.9 5.99E+03 5.99E+03 
magnesite 23.5 23.5 1.02E+04 1.02E+04 
dolomite 7.53 52.2 1.04E+04 9.80E+00 
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The kinetic rate law for dissolution and precipitation of the geochemical simulator Arxim is simplified from 
Lasaga and co-workers [9][15][16]. It depends on the effective reactive surface area, the activation energy (Ea) and 
the equilibrium state (pk) (Table 1). Mineral grain is modeled by a floating sphere and the dissolution and 
precipitation phenomena are modeled by the sphere radius evolution. For the minerals which are initially missing, 
the initial radius is assumed to be 10-6 m. 
Interaction with minerals is generally expected to occur only at selective sites at the surface. The difference 
between the total surface area and the effective reactive surface area can be between 1 and 3 orders of magnitude 
[12]. This large uncertainty is considered in each sensitivity analysis presented in this article with two geochemical 
models (Table 1): one with a quick kinetics (named QUICK) and the other one with a slow kinetics (named SLOW). 
3. Simulation of the CO2 migration and its geochemical impact within the complex storage 
3.1. Migration within the reservoir 
Reactive transport simulations in the Utsira reservoir were achieved by coupling the geochemical and fluid flow 
models in a 2D vertical grid (Fig. 3). In this study, different scenarios were considered in order to characterize the 
likely CO2 fate, while considering the uncertainties linked to some aspects of the models and to the data. This study 
has been reported in details in Estublier et al. [8]. To summarize, the sensitivity analysis (Fig. 4a) allowed one to 
notice that the uncertainty on the geochemical model in combination with the mineralogical assemblage (chlorite 
and plagioclase) and the reactive surface area (QUICK and SLOW kinetics) has a huge impact on the CO2 
mineralization. At 1,000 years , it may range between 0% and 22% of the injected CO2 mass. Associated with a big 
mineralization capacity according to the geochemical model, the uncertainty of the shale layer permeability also 
produces an enormous uncertainty on the mineralized CO2 proportion with a range of between 17% and 42%, at 
1,000 years. Less impact is observed when looking at variations associated with uncertainties on: heat transfer 
model, permeability porosity law, irreducible water saturation, hysteresis phenomenon and the grid (Fig. 4b). The 
resulting mineralized CO2 mass proportion being between 19% and 25% in those cases. 
 
Fig. 4: Injected CO2 proportion (%), which is minerally trapped (negative proportion means release of CO2 through carbonate dissolution) over 
time – sensitivity to: (a) mineral assemblage (contains Fe or Mg chlorite with or without Ca Plagioclase), kinetics (QUICK or SLOW), shale 
permeability (b) heat models, porosity-permeability (K-Phi) law model, relative permeability with hysteresis, irreducible water saturation, Local 
Grid Refinements (LGR) 
Fig. 5 compares graphs of the trapping mechanism contribution over time. The graph (a) is the reference graph 
proposed by IPCC [14], (b) and (c) are the extreme cases presented in this article. (b) corresponds to the case that 
mineralizes the lowest amount of CO2 (model with impermeable shales, SLOW kinetics model and without Calcium 
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Plagioclase). (c) is the case that mineralizes the most amount of CO2 (model with permeable shales, QUICK kinetics 
model and Calcium Plagioclase). This comparison shows that the combination of important uncertainties of models 
and data can produce large uncertainties regarding the simulation results. Only improvements of the modeling and 
the history matching with in situ data can reduce these uncertainties. Nevertheless the two extreme cases (SLOW (b) 
and QUICK (c)) prove the Sleipner CO2 storage tends to evolve towards a situation of long-term stability thanks to 
CO2 dissolution and carbonation. 
 
Fig. 5: Trapping contribution over time for three different cases: (a) reference case of IPCC (ref), (b) model with impermeable shales, SLOW 
kinetics model and without Calcium Plagioclase, (c) model with permeable shales, QUICK kinetics model and Calcium Plagioclase 
3.2. Migration within the cap rock 
 
Fig. 6: simulated results at 1,000 years with the 1D SLOW reactive transport model: mineral volume fraction versus depth (m) 
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This paragraph reports on the simulation study, which deals with the CO2 migration within the cap rock. The 
geochemical impact on the cap rock has already been studied by I. Gaus [15][16] using a reactive transport model. 
The authors conclude that CO2 only mineralizes as calcite and the mineral reactions can cause a porosity decrease of 
2.8% in 3,000 years (and therefore also a decrease in the permeability) which might locally improve the cap rock 
sealing properties.  
In this paper, the objective was to analyze the stabilization over time of the CO2 entering the cap rock. For that 
purpose: i) the CO2 penetration thickness, ii) the CO2 share between dissolution and mineralization trappings and iii) 
the CO2 amount in the cap rock relative to the injected CO2 amount, are simulated with the 1D vertical reactive 
transport model detailed in part 2 of the article.  
 
 
Fig. 7: simulated results at 1,000 years with the 1D QUICK reactive transport model: mineral volume fraction versus depth (m) 
The simulation results have shown that CO2 is mineralized as calcite and dolomite with both geochemical models 
but not in the same proportions due to the kinetic difference of the models (Fig. 6 and Fig. 7). The direct 
consequence is a difference in the slowing down -of the vertical CO2 migration- caused by CO2 consumption 
through carbonation and a difference in the porosity evolution (Fig. 8a ). With the slow geochemical kinetics, the 
CO2 penetration thickness reaches 4.5 m in 10,000 years with a porosity decrease of 2.6%. It reaches 3.5 m with a 
porosity decrease of 4.7% with the QUICK one. In both cases, the thickness of the impacted zone is negligible 
compared to the 300-m thickness of the cap rock. When there is no dissolved CO2 in the reservoir anymore to 
migrate in the cap rock, the CO2 front reaches a penetration threshold, which depends on the thickness (1 m or 10 m) 
of the reservoir section modeled. This plateau (Fig. 8a) is reached before or after 10,000 years. Indeed the thickness 
of the reservoir model represents the CO2 amount effectively available for migration in the cap rock. This modeling 
approach is introduced to take into account the impact of the CO2 dissolution in the Utsira reservoir, i.e. the decrease 
over time of the CO2 amount in contact with the cap rock due to the CO2-enriched brine sinking. Fig. 8b shows that 
CO2 quickly mineralizes whatever the geochemical model is (QUICK or SLOW). In 100 years, more than 95% of 
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CO2 is carbonated. In conclusion: in the Sleipner case, the CO2 plume migrating through the cap rock stabilizes with 
time due to both the CO2 mineralization (through calcite and dolomite) and the sinking CO2-enriched brine that 
limits the amount of CO2 at the cap rock interface. Moreover, the cap rock sealing properties are enhanced because 
its porosity decreases such as its permeability as concluded by I. Gaus [15].  
Based on this simulation work, an assessment of the CO2 amount distribution between the reservoir and the cap 
rock has been carried out. The 1D vertical reactive transport model provides the CO2 amount per square meter that 
enters the cap rock on a time period. Several fluid flow simulations extracted from the scientific literature 
[17][18][19][20] were used to assess a representative surface-area range for the CO2 plume. Considering a 1 m-thick 
reservoir, the following results were obtained (Fig. 8c). At 1,000 years, the amount of CO2 within the cap rock is 
about 4% with the QUICK model and 2.5% with the SLOW one. At 10,000 years, 7% of the 25 Mt of injected CO2 
crosses the reservoir/cap rock interface whatever the kinetic model is. This value is only of 1% with a smaller 
effective diffusion of 10-11 m2/s instead of 10-9 m2/s. 
 
 
Fig. 8: Simulation results: a) Penetration thickness over time b) Mineralized CO2 proportion in the cap rock over time c) Mass CO2 proportion in 
the cap rock at 1,000 and 10,000 years for two kinetics models (QUICK and SLOW) 
3.3. Analysis of a potential risky zone 
The 3D fluid flow simulation [20] carried out in the European CO2ReMoVe project had shown that the 
abandoned appraisal well (15-9/13) located less than 1 km from the CO2 injector is likely to be reached by the 
injected CO2 plume at the end of the scheduled injection period. To be able to manage such an issue, the main 
objective of this study was to quantify the geochemical impacts and induced petrophysical effects of the CO2 
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injection on this distant well. In the Sleipner case, one does not suspect significant geochemical induced effects at 
the distant well regarding the 2D simulation results [8]. Nevertheless such a 3D approach is mandatory in some 
other cases where in situ conditions and exploitation ones are more severe –as for instance when storing CO2 in deep 
and depleted gas reservoirs. Indeed well integrity can be degraded because of combined geochemical and 
geomechanical induced effects. In the CO2CARE project, these geomechanical issues have been studied on a series 
of wells. The aim was to develop a general methodology to establish mechanical well integrity prior to well 
abandonment [21]. 
Due to an important computational time of 6 weeks, only 243 years were simulated. This period covers 25 years 
of CO2 injection and 218 years of storage. The same characteristic phenomena as for the 2D reactive transport 
model are observed (Fig. 9). Thus CO2 is locally trapped at different depths due to the thin intra-reservoir shale 
layers and as residual trapping along migration paths. Due to phase equilibrium, water in contact with CO2 gas is 
enriched with dissolved CO2 and sinks. As a consequence the CO2 (supercritical fluid and dissolved) plume volume 
increases with time. The CO2 dissolution causes the pH to decrease to pH=5 where dissolved CO2 concentration is 
maximum. The longer the distance from the CO2 gas plume, the less acidic the enriched water is. On the CO2 plume 
envelop, pH is close to the initial pH of 7.5. Calcite dissolves with water acidification but its volume proportion only 
decreases from 4.26% to 4.1%. The impact on the porosity is very limited as (with the small precipitation of 
kaolinite) the porosity only increases from 37% to 37.16%. 
The abandoned appraisal well is reached by the CO2 gas plume only at the Utsira top. In the wellbore, the 
geochemical impact is negligible as was expected. The volume proportion of calcite decreases from 4.26% to 4.19% 
whereas the kaolinite one increases from 0.1% to 0.146%. These small variations have a very small impact on the 
porosity with an increase from 37% to 37.1% in 243 years. Based on the SLOW kinetic model, these results need to 
be extended with longer simulations and completed with a sensitivity analysis in particular to the kinetic model. 
Nevertheless, the 2D simulations had shown with the QUICK kinetic model that porosity at the reservoir scale 
increases of 0.21% (initially 37%) in sand and decreases of 3.5% in shale (10% initially) in 1,000 years. Therefore, 
similar results in the wellbore are expected.  
 
Fig. 9: 3D reactive transport results at 243 years with SLOW kinetics model: gas saturation, CO2 molar fraction in water and volume fraction of 
calcite 
4. Discussion/Conclusion 
As part of the CO2CARE project, the post-closure modeling within the CO2 storage complex has been partly 
tackled using the Sleipner CO2 storage case. The works undertaken in the European CO2CARE and CO2ReMoVe 
projects succeeded in developing and applying a specific modeling workflow to build three reactive transport 
models, each one meeting one specific zoom of the storage complex. They aimed at describing the long-term fate 
(1,000 years – 10,000 years) of the CO2 plume within the complex in order to analyze the storage stabilization and 
to study the geochemical impact on the abandoned well.  
These studies have shown the CO2 injected in the Utsira reservoir tends to evolve within the storage complex 
towards a situation of long-term stability thanks to CO2 dissolution and carbonation. In the Sleipner case, these 
trapping mechanisms are amplified in the 200m-thick reservoir because it is composed of numerous thin intra-shale 
layers, which all contribute to locally increase the exchange surfaces between phases (supercritical fluid/water, 
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water/rock), therefore the CO2 phase transfers. The CO2 dissolution increases the brine density causing its sinking in 
the reservoir. The direct consequence is the decrease of the CO2 amount available for entering the cap rock at the top 
of the reservoir. In the cap rock, the CO2 diffusion induces two main effects. The first one is the carbonation, which 
prevents CO2 from migrating and slows down the progression of the CO2 diffusion front. The second one concerns 
the cap rock integrity. It is enhanced as its porosity and permeability decrease. The study ends with the CO2 mass 
balance within the storage complex. At 10,000 years, 7% of the 25 Mt of injected CO2 is trapped in the cap rock 
whatever the studied kinetics model is. Regarding the abandoned appraisal well, the simulation at 243 years does not 
allow for conclusion in the long term. It would be necessary to perform longer simulations but results similar to the 
2D simulations ones are expected.  
The application of this modeling workflow to the Sleipner case proved that the result uncertainties linked to the 
modeling and data can be huge at least for two reasons. The kinetics model and the mineral assemblage play a major 
role in the speed and amount of carbonation. The geological formation structure itself can amplify the CO2 effects, 
so the uncertainties.  
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